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EFFECT OF THE THERMODYNAMIC PROPERTTES OF THE WORKING MEDIUM
ON THE CHOICE OF OPTIMUM PARAMETERS FOR A GAS TURBINE

ABSTRACT

Comparative criteria are discussed for deciding the optimum
parameters (load factor, coefficilent of discharge, flow deflec-
tion angles) of conventional hydrocarbon fuel gas turbines, as
well as turbines operating on helium, hydrogen, end other work-
ing media, as a function of the thermodynamic properties of the
latter. Larger values are recommended for the load factor and
coefficient of discharge when the characteristic velocity of
sound of the medium is high, as in the case of H and He. The
problem of rectifying the exit flow from the final stage is
considered; this is best achieved by limiting the load factor
of the last stage or installing rectifying vanes at the exit.
In either case, a penalty is paid in oversall efficiency, but
the second expedient is better suited to working media with a
high characteristic sonic wvelocity.

1. INTRODUCTION AND STATEMENT OF THE PROBLEM [65%

The problem of choosing the optimum parameters for a gas turbine whose
working medium consists of the combustion products of hydrocarbon fuels in sair
hags been rather thoroughly developed in the technical literature. The basic
analytical parameters, including the load per stage, reactive effectiveness,
etc., are chosen so asgs to provide acceptable Mach numbers M in the flow-through
section, hence high efficiency with a reasonable number of stages (ref. 1).

The numerical values of the parameters depend on the velocity of sound in
the gas and the work done in expansion for a given pressure drop snd tempera-
ture drop, i.e., on the properties of the working medium.

It is sensible, in this connection, to utilize the cumulative experience
already gained in the design of turbines thal operate with the combustion pro-
ducts of hydrocarbon fuels in air. In the ensuing discussion, with reference
to the type of working medium used in these turbines, the latter will be called
simply "ges turbines," as opposed to "helium," "hydrogen," or other designations.

We will adopt as our fundamental thermodynemic characteristic of the work-
ing medium, governing the velocity level in the flow-through section of the
turbine, the coefficient in the equation for the critical velocity of sound:

vV,

¥Nunbers in the margin indicate pagination in the originel foreign text.




For the gases investigeted in the present paper (comprising those most
suited for use as working media), this quantity is equal to 16.15 for argon,
18.1 for "gas" (from conventional fuel), 22.5 for neon, 51.2 for helium, and

69.6 for hydrogen (ref. 3).

We propose to explain the physical aspect of how to approach the choice of
optimum parameters, by comparing the conventional gas stage and helium stage of
a8 turbine. The work done in expansion for helium at the same initial tempera-
ture and the degree of variation in pressure is several times greater than for
gas, and the design of helium turbines with loads typical of gas stages leads
to a substantial increase in the number of stages.

Without considering in detail the fundemental postulates of the theory of /66
similarity of the processes occurring in bladed machines, we will directly com-
pare the velocity triengles for the elementery stages of various turbines (the
notation and terminology are discussed in section 2).

The velocity triangles for a typical, fairly heavily loaded elementary
stage of gas turbine (k = 1.33) withp = 0.35, H,. = 2.0, C_ = 1.0 are shown in
figure la. t T &

Figure 1. Velocity Vector Triangles for the Elementery
Stages of Various Turbines



For U = 273 m/sec and TO* = 1200°K, these values of the velocity triangle
parameters correspond to ch = 0.94; Alw = 0.59; Agc = 0.505.

If we build a helium turbine stage with the same velocity diagram and the
same value of Td*’ the A nuwbers in the flow-through section will be approxi-

mately one third less. From the viewpoint of similarity theory, it is best in
the design of a helium stage to increase all of the vectors in the velocity dia-
gram proportionately by a factor of three, so that the level of the M numbers
(or A numbers) in the helium stage will be the same as in the gas stage. This
approach, however, is unrealistic, as the required tripling of the peripheral
velocity is unsuitable, in fact sometimes quite impossible for strength consid-
erations.

However, & helium stage can be designed with the same wvalue of U, ﬁfi’ and

P, as its gas counterpart (fig. 1a), but with large Ea = 2.5. As shown in fig-[67

ure 1b, this kind of stage will be characterized by much smaller values of the
flow deflection angles in the rotor and nozzle assembly. If it 1s realized with

TO* = 1200°K, fairly moderate values will be obtained for the coefficients A in

the flow-through section (Alc = 0.506; Ao = 0.483), since the velocity of sound

in helium is considerebly higher than in gas. Consequently, the stage can be
driven up to loads at which the flow deflection engles are still acceptable and
ensure high efficiencies. The stage of a helium turbine with Ea = 2.5,

p, = 0.35, U= 273 m/sec, H,
more than twice as great as for the stages indicated above, is shown in figure

le. In this case, Tg¥ = 1200°K, A, = 0.635, A, = 0.500, i.e., the indiceted

parameters lie with permissible limits for gas turbines.

= 4.16 and, comnsequently, with a theoretical work

This comparison shows that & turbine operating on a working medium with a

high velocity of sound permits higher values to be chosen for Ca and Hti by

comparison with conventional gas turbines.

In the present paper, we investigate the problem of choosing optimum Ea
and ﬁ£i as a function of the properties of the working medium. Our fundamental

criterion for rating the suitebility of the choice of Ea and. ﬁ£i will be the

efficiency of the turbine stage, calculated on the basis of the results of blow-
through on flat blading. The effects of the peripheral velocity, which exerts
a considerable influence on the size, weight, and strength of the turbine stage,
has not been investigated.

However, in selecting the fundamental parameters of the stage it is neces-
sary to make a comprehensive evaluation of their influence on the blade height,
as well as the size, weight, strength, technological, and other characteristics
of the turbine stage.



2. EFFECT OF C and Ht ON THE EFFICIENCY OF A TURBINE STAGE
We propose to examine & certain intermediate stage in a multistage turbine,

so that the wvelocity at the inlet to the nozzle assembly and at the exit from

the stage has the same magnitude eand direction, i.e., CO = 02. Furthermore, we

will suppose for simplicity that Cla = C2a = Ca' Under these conditions, it is

sufficient to specify three independent dimensionless parameters of the stage
in order to uniquely define the configuration of the velocity triangle, i.e.,
all the angles, including the flow deflection angles in the elements of the

stage, @, end @ (rig. 1).

We select the following parameters:
—_ Ca
C,= T

coefficient of discharge:

-7 C C
load factor: Hy; = AL(;‘,; — 1u-:] w

Cm _ C‘.m

=1= "

Kinematic reactive effectiveness:

We use ﬁ£i and P, to determine the relative (dimensionless) values of the [68

peripheral velocity components of the flow in the flow-through section:

p— C;u ﬁtl
Clu = U = 2 (1 - PT )1
— Cgu 1—'[ti
Cou— =5 — (=)

If, in addition, the value of the coefficient of discharge C is given,
the directions of the flow in the flow-through section of the stage are defined,

for example:

C, Ca
tga1= _Ea = = 4 ",
b ——g'*"{_(l_PT)
2
tg@ C-_a Ea _
LGt Hy
2 T

Conseguently, the flow deflection angles in the nozzle asserbly and wheel

will be uniquely determined by the chosen wvalues of £1? pt, and C .
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FPigure 2. Profile Loses in Flat Turbine Blading.

As is known, the profile losses in turbine blading at subsonic speeds in
the flow-through pert are determined primerily by the type of blading and the
flow deflection angle in it, but almost not at all by the velocity. The data
shown in figure 2 give the dependence of the velocity coefficient (¢ in the
rotor blading, ¢ in the nozzle blading) on the type of blading as defined by
the parameter K = siIlBl/sin.32 and on the flow deflection angle in it,

©= 180 - (Bl +BE) (for the nozzle blading, the corresponding engles a, and o,

are used). These graphs were constructed on the basis of the experimental data

of G. Yu. Stepanov and V. L. Epshteyn on the mean frictional losses in blading
with a calculated flow inlet angle (the tip losses in this case were determined 69
from the formula {,. = 0.0l/sin 32).

If we assume that the results obtained in the blow-through of air on the

blading can be extended to the flow of other working media past the bleding
1

(also at subsonic velocities), then the loss factors and efficiencies of the
turbine will depend only on ﬁ%i’ Pys and Eg, as long as the velocities in the
flow-through section of the turbine are subsonic.

For the relative blade heights in current usage, it is customary to choose
an analytic mean diameter pt = 0.25 to 0.35. Therefore, in order to simplify

the analysis, all subsequent calculations were carried out for a fixed value of
the reactive effectiveness, pt = 0.3. In this case, the efficiency is determined
only by the load factors ﬁ£i of the simple turbine stage and the axial velocity
E;. The results of a calculation of the efficiency in terms of delayed para-

meters as a function of ﬁfi and 6;, teking into asccount only profile losses, are
shown in figure 3.

1This assumption, in correspondence with the requirements of similarity
theory, is in need of experimental verification.
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Figure 3. Effect of the Coefficient of Discharge and Load Factor of a Simple
Turbine Stage on its Efficiency (Calculations Performed for Py = 0.3).

An analysis of this graph shows that the choice of higher coefficients of

discharge 6; dictates an increase in the optimum value of the load factor for

the turbine stage, i.e., the value for which maximum stage efficiency is
obtained. However, the efficiency of the turbine (fig. L) decreases with in-

creasing Ea’ even with the choice of optimum load factor, because the exit vel-

oclty increases. The choice of increased values for the coefficient of dis-
charge will be attended by deterioration of the economy criteria and could only
be of interest from the viewpoint of possibly raising the load factor and, hence,
decreasing the number of turbine stages.
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Figure 4. Effect of the Coefficient of Discharge on the Optimum Value
of the Load Factor and Efficiency of a Simple Turbine Stage.



Consequently, the graphs in figures 3 and 4 are universal, i.e., they are [70
applicable to all working media, as long as the velocities in the flow-through
part of the turbine are subsonic for the chosen wvealues of ﬁti and 5;. We will
now establish the effect of the fundamental parameters of the elementary stage
on the velocity levels in the flow-through section of the turbine using differ-
ent working media.

3. EFFECT OF 'H'ti and E:'a ON THE FLOW VELOCITIES

The choice of definite values for ﬁfi"pt’ and E;, as already indicated,

uniquely determine the configuration of the velocity vector triangle, i.e., the
angles in the flow-through section and the relative megnitudes of all its veloc-
ities. To find the values of the flow-through velocities, it is necessary to ZZl
specify the value of the peripheral velocity, or to specify the parameter U/TO*

in order to determine the A numbers.

The results of a calculatlion of the relative veloclty coefficient at the

inlet to the rotor for p, = 0.3, U = 250 m/sec, T % = 900°, and ﬁti and all

values of Eé are shown in figure 5. opt
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Figure 5. Effect of the Coefficient of Discharge on the Relative Velocity
Coefficient at the Inlet to the Rotor of a Turbine with Various Working Media.
It is usuvally recommended to have Alw_% 0.7. In the design calculations

of gas turbines, therefore, 5; < 1.0 and, accordingly (fig. 4), and H ;= 1.4

t
to 1.7 (and, less frequently, Hti = 2) is assigned as suitable values for the
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load factors of the individuasl stages. Analogous recommendations can also be
made for working media such as argon and neon, whose velocities of sound &re

close to that of "gas."
For helium and hydrogen (fig. 5), the choice of higher wvalues for 6; is not
accompenied by the onset of sonic velocities in the flow-through section, in

addition to which this permits the choice of higher wvalues of ﬁti and, conse-
quently, fewer turbine stages.

The calculations represented in figure 6 for other values of the peripheral
velocities and temperatures at the turbine intake with various working medisa,

assunming a value of Alw = 0.7, permit the possible wvalue of Ca to be estimated.
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of the Working Medium on the Maximum Possible
Value of the Coefficient of Discharge.

Figure 6.

It is evident that for helium and even more sofor hydrogen, higher values

can be chosen for Ca even for large peripheral velocities,

In choosing the fundamental parameters of the turbine stage it is also
essential to consider the velocity coefficient A2c behind the turbine. Its

value, of course, determines the efficiency of operation of the turbine aft
equipment, and in multistage turbines it alsc affects the nature of the flow
inteke to the next nozzle assembly. It is normally assumed in the calculations

for gas turbines 'bhat)\zc = 0.5 to 0.6.
Figure 7 gives the results of a calculation of the velocity coefficient
behind the stage with U = 250 m/sec, T2* = 875°K as a function of Ca’ where, as

before, Hti = Htio + and.pt = 0.3. They also indicate the possibility of de- ZZE

signing helium and hydrogen turbines with enhanced values of Ea’

8
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Figure 8.

Properties of the Working Medium on the Value of
the Velocity Coefficient Behind the Stage.
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Sometimes in the practice of performing the design calculations for tur- Z73

bines, their transmissive capacity is not evaluated in terms of the coefficient
of discharge, but in terms of quantities related to it, such as A2c or the flow

deflection angle o, from the nozzle assembly. The dependence of the stage ef-

1
ficiency of a turbine on the load factors and velocities behind the turbine is
shown in figure 8 for various working media; the curves were derived from the
universal relation given in figure 3 for the special case U = 250m/sec,

T2* = 875°K.

0.3 (fig. 8a), the optimum velue of the load factor for a

For small A\
2¢c

1.5. A helium turbine, even with these values of the tur-

gas turbine is Hti

bine exit velocity coefficient, can be designed with ﬁfi = 3.0, a hydrogen tur-

bine with H,, = 4.0.
ti

the optimum values of ﬁti will increase (fig. 8b).

The design of a turbine stage with enhanced E; involves the necessity of

With an increase in }\20,

building the nozzle assembly with large angles¢xl.

It is recormended for gas turbines that the latter angle be chosen as

al = 20 to 35°, corresponding to a workeble range of Ea = 0.5 to 1.0, In cases

when the working medium is characterized by a high velocity of sound, higher
values can be chosen for the angle al, corresponding to higher 6;. The only

limitation on the choice of al.(or Ea) is the tendency to avoid too short a
blade.

4, APPLICATION OF RECTIFYING VANES BEHIND THE TURBINE

In the design of a turbine stage with a high load factor, it is necessary
to bear in mind that the exit flow from the turbine will not be axial. For
intermediate stages, this is all right, sinee the exit flow from the stage will
impinge on the intake to the next nozzle assembly. Hence, the recommendation
of havingcxe'; TO® at the exit from the intermediate stages of gas turbines

(type TRD and TVD turbines) is primarily intended to limit the flow deflection
angle in the rotor blading and succeeding nozzle assembly.

In the design of turbines with high Ea and ﬁti, the angle @, can be made

somewhat smaller than indicated in the design recommendations for ordinary gas
turbines. However, the flow deflection angles in this case (fig. 1c) cen have
an acceptable value, providing high efficiency.

In selecting the parasmeters of the last stage of a multistage turbine it
is necessary to produce axial (or nearly axial) emergence of the flow from the
turbine for effective operation of the system following the turbine. This is
accomplished by assigning a moderate value to the load factor of the last stage;

10
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in the case of a turbine stage with enhanced values of this coefficient, recti-
fying vanes are placed after the exit.

For the TRD and TVD gas turbines, such directing venes heve not been em-
ployed, because at the values of Ca that can be realized in these turbines an
increase in ﬁfi produces a decrease in the efficiency inherent in the turbine
due to the increased flow deflection angle, not to mention the additional losses
in the directing vanes (ref. 2).

In turbines with high values of 5;, where the optimum value of the load

, factor corresponds to appreciable spin in the flow behind the rotor, the appli-l7h
cation of rectifying vanes may prove useful.

In order to illustrate this notion, we estimsted the efficiency of a tur-
bine with rectifying vanes for the generation of axial exit flow from the stage.

Curves, calculated from data on the losses in diffuser vanes and showing
the efficiency of a turbine with rectifying venes as a function of load factor,
are given in figure 9, which also shows for comparison curves calculated pre-
viously for the efficiency of a turbine without rectifying vanes.

Uti
{0, Eam——
Ca=10 a
i L
\\\
20 — | — = .
. " "/_ ~T — =
0,9 4,/ \\\ ==
~
RS
//-"—“—‘E_— —————— 3
B_——"
30
-~
e
0,6:’ T
, :
0.7‘ - i
/ 10 20 30 Lo 50

Figure 9. Evaluation of the Effectiveness of Rectifying Vanes Behind
the Turbine:——Without Rectifying Vanes;— — — With Rectifying Vanes.
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It is apparent that the requirement for obtaining & nearly axial discharge
from the turbine means limiting the load factor to a value of ﬁtisz 2.0 in the
absence of rectifying vanes. For small values of the coefficient of discharge
6; = 1.0, the design of such a turbine stage does in fact make sense (point A),
since increasing Hti lowers the efficiency of the turbine; it is lowered even

further by the placement of rectifying wvenes in order to obtain axial exhaust.
If, for example, it is required for reasons of strength to have high values of

E; (Eé = 3.0), the design of the last stage with ﬁ%i = 2.0 (to obtain axial

exhaust) is unsuitable (point B). In this case, it is better to design the last

stage with Hti

is now higher.

= 3.5 and to use rectifying vanes (point B), since the efficiency

5. CONCLUSION

The abowve analysis shows that in calculating turbines with working media
characterized by a high velocity of sound (helium end hydrogen), it is advis-
able to choose higher values for the load factor and coefficient of discharge.

In this case, it is necessary in order to obtain axial exit flow from the
last stage to place rectifying or directing vanes behind the turbine.

It must be pointed out, however, that in each specific instance these
recommendations must be refined, depending on the resultant blade height and
other structural, durability, and weight criteris of the given turbine.

REFERENCES

1. ZKholshchevnikov, K. V. and O. N. Yemin. Selection of the Parameters and
Design Calculations for the Gas Turbine (Vybor parametrov i raschet
gazovoy turbiny). Oborongiz (State Publishing House of the Defense
Industry), 1958.

2. Cherkasov, B., A, Investigation of the Loading of a Gas Turbine Stage
(Issledovaniye nagruzki stupeni gazovoy turbiny). Transactions of the
Moscow Aviation Institute (Trudy'MAI), No. 107. Oborongiz, 1959.

3. Mikhaylov, A, I., Borisov, V. V. and E. K., Kalinin. Closed-Cycle Gas

Turbine Systems (Gazoturbinnyye ustanovki zemknutogo tsikla). Izd. AN
SSSR (Publishing House of the Academy of Sciences of the USSR), 1962.

Translated for NASA by Stemar Engineering, Inc.
49oho Long Beach Blvd., Long Beach, California

12 NASA-Langley, 1965 F-385




|

“The aeronautical and space activities of the United States shall be
conducted so as to conivibute . . . to the expansion of human knowl-
edge of phenomena in the atmosphere and space. The Administration
shall provide for the widest practicable and appropriate dissemination
of information concerning its activities and the results thereof.” y

—NATIONAL AERONAUTICS AND SPACE ACT OF 1958

NASA SCIENTIFIC AND TECHNICAL PUBLICATIONS

) TECHNICAL REPORTS: Scientific and technical information considered
*important, complete, and a lasting contribution to existing knowledge.

TECHNICAL NOTES: Information less broad in scope but nevertheless |
of importance as a contribution to existing knowledge.

TECHNICAL MEMORANDUMS: Information receiving limited distri-
bution because of preliminary data, security classification, or other reasons.

CONTRACTOR REPORTS: Technical information generated in con-
pection with a NASA contract or grant and released under NASA auspices. [

TECHNICAL TRANSLATIONS: Information published in a foreign
language considered to merit NASA distribution in English.

TECHNICAL REPRINTS: Information derived from NASA activities
and initially published in the form of journal articles.

SPECIAL PUBLICATIONS: Information derived from or of value to
NASA activities but not necessarily reporting the results -of individual
NASA-programmed scientific efforts. Publications include conference
proceedings, monographs, data compilations, handbooks, sourcebooks,
and special bibliographies.

Details on the availability of these publications may be obtained from:

SCIENTIFIC AND TECHNICAL INFORMATION DIVISION
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
Washington, D.C. 20546

RN



